The timing of the occurrence of a swallow in a respiratory cycle is critical for safe swallowing, and changes with infant development. Infants with damage to the recurrent laryngeal nerve, which receives sensory information from the larynx and supplies the intrinsic muscles of the larynx, experience a significant incidence of dysphagia. Using our validated infant pig model, we determined the interaction between this nerve damage and the coordination between respiration and swallowing during postnatal development. We recorded 23 infant pigs at two ages (neonatal and older, pre-weaning) feeding on milk with barium using simultaneous high-speed videofluoroscopy and measurements of thoracic movement. With a complete linear model, we tested for changes with maturation, and whether these changes are the same in control and lesioned individuals. We found (1) the timing of swallowing and respiration coordination changes with maturation; (2) no overall effect of RLN lesion on the timing of coordination, but (3) a greater magnitude of maturational change occurs with RLN injury. We also determined that animals with no surgical intervention did not differ from animals that had surgery for marker placement and a sham procedure for nerve lesion. The coordination between respiration and swallowing changes in normal, intact individuals to provide increased airway protection prior to weaning. Further, in animals with an RLN lesion, the maturation process has a larger effect. Finally, these results suggest a high level of brainstem sensorimotor interactions with respect to these two functions.
Introduction
Swallowing is an intricate process that requires coordination with respiration since both functions use the oropharynx. At birth all mammals, including humans, have a high larynx that projects into the space where the oropharynx and laryngopharynx meet [25] . This configuration helps ensure that penetration or aspiration, i.e., liquid entering the upper or lower airway, does not occur. As the newborn transitions from being a neonate into infancy, deglutition must continue to be efficient and safe while anatomical and functional changes occur. Human oropharyngeal anatomy begins to resemble adult anatomy by 5 months as the larynx descends [70] , with additional changes to the vocal folds and the mucosa covering them [59] . In addition to anatomical changes, both human and non-human mammalian infants begin utilizing faster and more rhythmic sucking rates and have more stable suckswallow rhythms [22, 29] .
Mechanisms of airway protection also change. The human infant swallows around rather than over the larynx, and the epiglottis remains stationary. The timing of respiration must also be controlled to prevent penetration and aspiration. In infants, abrupt closure of the vocal cords in both phases of respiration can be triggered by esophageal mechanostimulation, which in turn is caused by esophageal stretching from a bolus [40] . In adults, swallowing occurs during the expiratory phase with respiration resuming with continued expiration [53] .
Problems in this coordination are well documented, due to specific disease entities or craniofacial birth defects, esophageal atresia, metabolic disorders, and iatrogenic causes. Pathophysiology of the coordination between respiration and deglutition can lead to acute issues, such as aspiration pneumonia. It may also result in life-long complications such as dysphagia, lung injury, aspiration pneumonia, and nutrition compromise [10, 51] . Yet little is known about the intricacies of the coordination of deglutition and respiration and the physiological relationship in the context of postnatal maturation.
A further, but not infrequent, complication in the relationship between swallowing and respiration occurs as a result of recurrent laryngeal nerve (RLN) injury. Iatrogenic RLN damage results in variable degrees of dysphagia severity and recovery [12, 16, 45, 54, 57] . In neonates in particular, RLN damage occurs subsequent to patent ductus arteriosus (PDA) ligation surgery [50, 52] . Our previous work demonstrated that despite a controlled injury to the RLN, variability in the extent and degree of dysphagia existed among individuals [32, 33] .
Ethical constraints associated with using human infants as test subjects limit direct evidence of the relationship between swallowing and respiration under the setting of a recurrent laryngeal nerve (RLN) injury. We used a translational neonatal pig model that has been validated for evaluation of mammalian deglutition, notably infant suckling and swallowing [11, 24] , to study the relationship between the physiologic processes of respiration and deglutition. Because of similar oropharyngeal anatomy, tongue movements, and head positioning, neonatal pigs are a good model for human infant function [14, 15, 33, 39, 68] . Pigs mature at a faster rate than humans which allows for studying developmental changes more efficiently [17, 25, 27, 28] .
Our study aims to provide insight into the relationship between deglutition and respiration during infancy maturation, and the impact of an RLN injury on that coordination. We measured the precise timing of a swallow within a respiratory cycle in infant pigs at different ages, and with and without a controlled RLN lesion. We collected data to test the following hypotheses:
H1 The timing of inspiration relative to swallow changes with maturation of the neonate to a more mature, but preweaning infant pig.
H2
An RLN injury will cause a difference in the timing of respiration relative to a swallow in both neonates and more mature infant pigs.
In addition, we tested the interaction between age and treatment with an additional specific hypothesis:
H3 The developmental change in timing of respiration differs between the Lesioned animals and the Controls; that is, early RLN damage impacts the normal maturational changes in swallowing/respiration coordination.
Finally, we tested the impact of our surgical manipulations. Lesioned and control individuals experience a standard surgery [32] , for the placement of radio-opaque markers that are used for kinematics studies [33] . Thus, our standard ''controls'' are experimental shams. For one arm of this project, we used animals that had no oral or pharyngeal surgeries, and compared these no-surgery control individuals to the sham surgery individuals. We included an additional hypothesis to determine if placement of markers, including surgical identification of the RLN, impacts our measurements of swallowing and respiration:
H4 No difference exists between the Controls/Surgery group and the No-Surgery group at either age, such that the developmental changes are equivalent in these groups.
Materials and Methods

Collection of Pigs by Cesarean Section and Postnatal Care
All animal work was done in accordance with NEOMED IACUC approval, protocol #17-04-071. Two Yorkshire/ Landrace cross pregnant sows were used to obtain neonatal pigs at 114 days of gestation, one day prior to term (Shoup Farms, Wooster, Ohio). The two groups of experimental pigs and all subsequent data collection were done at different times, approximately 6 months apart. Delivering pigs by Cesarean section provides consistency and is relevant to studies using preterm infant pigs at an age where induction for vaginal delivery will not be possible. With the ultimate goal of comparing term infant pigs with preterm infant pigs in future studies, all animals for the study were delivered by C-section. Although much of the postnatal infant care and design followed previous studies [13, 32, 38] , the procedures involving C-section described below established a new protocol for this lab, and are described here for the first time.
The sow was sedated with Telazol (10 ml IM), placed on a surgical table, and anesthesia was induced and maintained with isoflurane. Standard aseptic procedures were followed during the C-section. The right mid-abdominal flank was shaved and a sterile surgical field was prepared using betadine followed by isopropyl alcohol 70%. The site of the incision was injected with lidocaine (15 ml, SC), sterile drapes were placed, and a 12-cm incision was made to expose the uterus. The neonatal pigs were removed individually by making an incision in the uterus. After the umbilical cord was clamped and cut, the pigs were wrapped in a warm towel, and fluid in the airways was allowed to drain with additional fluid removed by suction. The newborn pigs were placed in a warmed incubator (38-39°C). Pigs with slowed breathing had the chest rubbed and were paired with strong breathers to encourage spontaneous ventilation. Body temperature was maintained between 38 and 40°C. After delivery of the entire litter, the mother was euthanized. We largely followed the protocols previously developed and validated [60, 63] . Within 2 h, the neonatal pigs were fed colostrum followed by infant pig formula (Solustart Pig Milk Replacement, Land o' Lakes, Arden Mills, MN) from a bottle fitted with a specially designed nipple. Subsequent care followed validated and standard care for infant pigs, which supports normal growth and development [24, 26, 65, 67] . This formula is standard for infant pigs, both in research and agricultural settings, and promotes normal growth [36] .
Marker Placement and RLN Surgery
The pigs were assigned to one of three groups: control with surgery (C), control with no surgery (NS), and lesion (L) groups. The control group had surgery for placement of thyroid and hyoid markers, as well as oral markers placed in the tongue, palate, and epiglottis [18, 20, 65] . The recurrent laryngeal nerve was exposed, but not cut. The nosurgery group was a control for surgical manipulations. This group had no markers or any other procedure prior to recording data and was used to test if the surgery for marker placement and nerve identification had an impact on subsequent feeding or respiration. The lesion group had markers placed during the same surgery in which the RLN was lesioned, as described below. The right RLN was selected for consistency with data collected previously [32] [33] [34] . In the no-lesion group, the nerve was only identified. In the lesion group, a 2-mm portion of the nerve was ligated and removed. The free ends of the nerve were clipped and displaced to prevent reinnervation [32, 33] .
Videofluoroscopy Protocol and Data Recording
At postnatal day 7, swallowing was assessed under videofluoroscopy while measuring respiration using procedures outlined in [32, 33] . The pigs had a respiratory inductance plethysmograph (Powerlab, ADInstruments) placed around the thorax to monitor ventilation during videofluoroscopy to image drinking of pig formula (Solustart Pig Milk Replacement, Land o' Lakes, Arden Mills, MN) mixed with barium. The fluoroscope (GE9400 C-Arm, 80 kV, 4MA) digitally recorded images at 100 fps (XC 1 M digital video camera, XCitex, Cambridge, MA). The XCitex system is a computer-driven digital system that records all fluoroscopic images which are subsequently stored for analysis. The plethysmograph signal, together with a synchronization signal from the digital video system, was recorded on an ADInstruments Powerlab 35/16 (Colorado Springs, CO) at 10 kHz. Pigs were allowed to feed, unrestrained, until satiation. An entire sequence video sequence lasted from 40 to 600 s, with anywhere from 50 to 1000 swallows. All recording was done with standard XROMM (X-ray Reconstruction of Moving Morphology, http:// www.xromm.org/) protocol, including recording the distortion grid and three-dimensional scaling before and after every recording session of animals [3, 8, 30] so that these data could be used for future kinematic studies [33, 34] . After the feeding sessions, images were assessed for quality and the exact frame of each swallow noted for the entire feeding session.
Data for this paper consisted of feeding records from 7 to 17 days. These days were chosen for both practical and clinical reasons. Infant pigs have an accelerated developmental schedule relative to humans, but one with similar scaling [63] . Pigs wean between 21 and 35 days after birth [36] , which is equivalent to 18.2-30.5% of the 115 days of gestation. This is similar to the 20-40% of gestation when human infants wean and shorter than the 70-90% for rodents [61] . A 7-day-old pig can feed from a bottle and nipple, but does not have post-canine teeth. Seven days is our earliest recording because that was the point at which the animals could maintain a stable temperature, and be moved from the housing facility to the XROMM/videofluoroscopy suite. At 17 days, the animals are approaching weaning status. Premolars have erupted, and at this age, pigs show interest in solid food [69] . We chose an age prior to weaning, but when the animals are more efficient at feeding. The animals were recorded subsequent to 17 days, but such data did not appear different from that extracted at 17 days. Future studies will include analysis of the data up to 25 days of age.
Data Extraction
Video recordings and plethysmograph signals were examined for quality of image and signal, including an adequate synchronization signal to identify and coordinate the frames between the videofluoroscopy and plethysmograph data. The initial 5 s of feeding were not used as this has been shown to be a different rate than subsequent feeding [31] . The first 10 s of swallows and respiration that contained adequate synchronization were selected for analysis.
A swallow was identified at the frame from the highspeed videofluoroscopic images when the bolus was condensed in the supraglottic space and had not yet crossed the epiglottis. We justified this type of identification for swallowing initiation from previous work illustrating the maturation of infant pig epiglottis movement [11] . The epiglottis does not always fold during an infant swallow; thus, identification of epiglottis movement was not always possible in the video sequence. All swallows were identified by two people. Intra-and inter-rater reliability was determined using a two-step process. Intra-rater reliability was assessed by having each rater score three repeats of the same blinded sequences. Inter-rater reliability was assessed by having the two raters score the same sequence. In both cases correlations greater than 95% were achieved. We extracted the entire 10 s of signal from the plethysmograph, downsampling to 1 kHz. The time of the swallow was identified in this stream, and a 200-ms window around the swallow was extracted. The time of the swallow was set as 0.0. We measured the onset of inspiration following the swallow as the delay from time zero to the local minimum of the plethysmograph signal (Fig. 1) .
Sample Size and Design of Analysis
The data consisted of two sets of littermates from unrelated sows from the same herd. Within a litter, individuals were randomly assigned to treatment at birth. Originally, there were 28 animals; however, some individuals did not survive the first week: 3 individuals in the first litter and 2 in the second litter. This resulted in unequal samples among the treatments, and a total of 23 animals in the final analyses. The first litter included seven C (control), three L (lesion), and four NS (no surgery) surviving piglets. The second litter included four control and five lesion individuals so there were a total of fifteen control and nine lesion animals. There was an overall paired design in the sample of these data, a set of swallows from each animal at two ages, 7 and 17 days. Thus, the unit of analysis was a swallow, with multiple swallows for each animal-age group nested within a treatment. There were a total of 700 swallows, 383 controls and 317 lesions, with a range of 11-40 with a median of 20 swallows in each animal-age group.
We performed two main analyses of the data. To test for age and treatment effect, we used the control and lesion data, from both litters. However, because only the first litter contained a NS (no surgery) group, we used only the C and NS groups for a second analysis to test for a surgery/ no-surgery effect. This was the most conservative design, and permitted both analyses to include the appropriate random factor.
Statistical Analysis
In each 10-s window (Fig. 2) , we measured rates of respiration during feeding. In this case, the unit of analysis was a sequence, and there were 26 sequences. We tested for differences due to age or to treatment using a complete linear model. For all tests, p \ 0.05 was accepted as the critical level of significance.
The main response variable was the timing of onset of inspiration following the swallow. There were two predictor variables or main effects, each with two levels: age of animal (7 or 17 days) and treatment group: (C or L). We used a complete ANOVA model, which included two main factors (age and surgical treatment), two random factors (individual nested within litter and experiment/litter), and H1 There is no main effect/difference due to age.
H2
There is no main effect/difference due to treatment (C, L).
We included two factors that contributed to random variation: individual nested within litter as a random factor and experiment/litter. We also wished to test potential interactions between treatment and age and included an interaction term in the main model. A significant interaction would indicate that the two treatments matured differently with respect to the response variable we measured. A significant interaction specifically tested whether the change in the onset of inspiration from 7 to 17 days was the same in the C and L groups (H3). For each hypothesis, we calculated Cohen's d as a measure of effect size.
Finally, to determine if surgery had an effect, we compared the C and NS groups using a similar model. In this case, animal was a random factor, and age and treatment were fixed factors, and we included an interaction term.
Results
The thoracic movement at the time of a swallow, movement of milk out of the valleculae across the laryngeal opening, was relatively consistent within a set of swallows (Fig. 3) . There was usually apnea around the time of swallow for all ages.
In the main model, total error variation was 0.000923. The variation due to the random factor individual was 0.000271 and the variation due to experiment was 0.000029, both less than the error variation. Because individual and litter are random factors, there is no significance attached to this value. In the main analysis (Table 1) , the test for H1 indicated a significant age effect (p \ 0.0001), but, for H2, no significant treatment effect (p = 0.772). The Cohen's d measure of effect size for age was 1.07. The timing of inspiration occurs later in the older animals within each treatment (Fig. 4) , as indicated by the two dotted lines. The value of these differences is, in lesioned animals, 0.049 s, with a SE of 0.0048 and in control animals 0.031 s with SE of 0.0040. The significant interaction (p \ 0.003), a test for H3, indicates that the change in timing of inspiration relative to the swallow from 7 to 17 days differed between Controls and Lesions. The difference in lengths in the two dotted lines in Fig. 4 Fig . 3 Median thoracic movement and variation (interquartile range) for two sets of 20 swallows, representing two ages, aligned to the time of the swallow (time = 0). The solid line is the median value at each time point of 20 respiratory cycles and the gray lines are the upper and lower quartiles from those cycles. The data were collected at 1 kHz from the same animal. The value of thoracic movement is idiosyncratic to each animal. The value analyzed is the time of the start of inspiration after the swallow, indicated by the arrow on the xaxis Fig. 2 Thoracic movement over a portion of a feeding sequence with swallows indicated by dotted lines. All data consisted of complete sequences of more than 50 swallows. 10-20 swallows per sequence were identified and selected from the XROMM visual data. The time equivalent data from the respiratory data were then extracted using the synchronization signal recorded on both data traces. In this example, neither respiration nor swallowing was regular reflected the significant interaction, indicating that the change in timing is different in the two treatments.
For H4, the total error variance in the model was 0.002508 and the random effect variation due to individual was 0.000328, nearly an order of magnitude less. The age was a significant main effect but treatment was not (Table 2 ). There was no significant interaction. This shows that both Controls with surgery and without surgery changed the timing of respiration with age. However, there was no treatment effect or interaction, indicating that there was no effect of the surgery.
Discussion
Validation of Animal Model
The pig model used here has been validated in numerous studies for evaluation of mammalian deglutition [11, 24] , as well as testing the impact of sensorimotor deficits in infant oropharyngeal function [14, 15, 33, 39, 68] . Animal studies of fetal, neonatal, and postnatal development of respiration, largely experimental in nature, provide more information than human studies, given the ethical limitations of using human infants as test subjects [1, 6, 9, 17, 19] . Understanding of the coordination between respiration and swallowing is limited because of the restrictions of human studies [29, 41, 43] and the difficulty of measuring oropharyngeal function in the neonates of small animal models [60] . The present results also confirm that the surgeries to implant radio-opaque markers, as was done in previous studies [21, 32, 66] , as well as the nerve lesion procedure [32] [33] [34] , do not interfere with normal sensorimotor feedback. Beyond providing a better understanding of the coordination of swallowing and respiration during early postnatal development, our findings contribute to validating the neonatal pig as a translational large animal model for studying coordination of these two functions.
Changes with Age in Respiration During Swallowing
Several anatomical and neurological changes occur while the neonate matures, and deglutition must remain safe and efficient [23, 29, 35, [47] [48] [49] . Swallowing frequency and volume, among other feeding parameters, change over neonatal through infant development [2, 46, 49, 61] . The strongest relationship in the data presented here was the increasing delay in the onset of inspiration with age. The difference was significant in our analysis, and the Cohen's d indicated a large effect size. Yet, the value of this difference was on the order of 50 ms or 0.05 s. Because human data are based on more approximate measures (drums attached to hyoid and thorax), the data we collected from our animal model are more precise. In particular, we can measure the exact time of the swallow from videofluoroscopic images at a time resolution of 100 fps, something that is not possible in human studies. A greater delay between swallow time and onset of inspiration is consistent with airway protection improving with age. However, actual data on occurrence of aspiration at different ages are needed to confirm this link and will form the basis of future studies.
Impact of RLN Lesion on Coordination of Respiration and Swallowing
The greater developmental changes in the timing of the swallow that occurred in animals with an RLN lesion, compared to the control animals, suggest a response to the lesion that occurs with development. Such animals are known to change the size of bolus and the kinematics of swallows to generate safe swallows with no aspiration or penetration [34] . Yet, differences in these factors can produce aspiration in similarly aged animals. The next step in these analyses is to examine the variation in safety of these swallows. The damage to the RLN in human infants frequently occurs at an analogous point in developmental time in the neonatal period, usually within the first few weeks of age [58, 62] . It is frequently a result of the need for cardiac surgery, and also associated with preterm birth, and is highly associated with dysphagia or other oropharyngeal problems. What these results speak to are the longitudinal changes that occur post-lesion in this coordination. The lesioned animals received no specific treatment or rehabilitation. Yet, they demonstrated a change in the timing between swallowing and respiration that occurred as a function of development. This suggests that airway concerns have the potential to resolve through maturation.
The Role of the RLN in Respiration
The specific efferent and afferent functions of the RLN are known for a number of species, including humans, dogs, pigs, and rats [4, 5, 44, 56, 64] , and include sensation below the vocal folds and motor inputs to the intrinsic muscles of the larynx, except cricothyroid. Yet, the role of the RLN in respiration is more complex and less well understood [4] . While ample clinical [7, 42, 55] and basic [37] evidence document that RLN injury produces swallowing deficits, the exact mechanism of the performance problems remains elusive [34] . These results suggest that detailed and fine-grained studies that include both respiration and swallowing have the potential to clarify this relationship. These results are a first step towards understanding what changes naturally occur with development, and how interruption of the normal laryngeal signals impacts this coordination. As RLN lesion changes the relationship between swallowing and respiration during infant development, future research into the mechanism of airway protection failure should incorporate respiration along with swallowing mechanics.
Implications for Clinical Interventions
These results document differences in plastic change over the course of development between normal and infants with nerve damage. The changes seen here were for damage occurring on a similar time scale to human iatrogenic issues, early in the neonatal time period. They also suggest that targeted behavioral therapies may be possible that correct for lesion-induced changes if applied early in infant development.
Conclusion
Infant pigs increased the delay in the onset of inspiration, following a swallow, as they became older, enhancing the safety of the breath and swallow. This increase was larger in infants that had received an RLN lesion prior to measurement. Because the RLN does not supply the diaphragm or receive sensation from fields directly involved in swallowing, these results suggest significant brainstem involvement in the coordination of respiration and swallowing. Furthermore, the developmental differences indicate that targeted behavioral therapies may be possible that correct for lesion-induced changes if applied early in infant development.
